The acoustical behavior of a harpsichord modeled after 17th-century Flemish prototypes was studied using both experimental and analytical techniques. The vibrational modes of its enclosed air volume were measured and found to correspond closely to those predicted by the 
as the appropriate instrument for keyboard music written before ca. 1750. The harpsichord seems destined to remain with us as long as we continue to enjoy the sounds of "acoustic" instruments.
Because of its shape the harpischord would seem to have much in common with the piano, particularly since the earliest examples of the latter were essentially harpsichords with actions that struck, rather than plucked the strings. But the resemblance is specious. The modern piano has a thick soundboard, massive sides, no bottom, and does not enclose a volume of air, while the harpsichord has a thin soundboard, somewhat flexible sides and bottom, and an enclosed air mass. In these ways, the harpsichord more closely resembles the guitar than the piano--an instrument with which it even seems to share the presence of "sound holes." Like the relationship between the harpsichord and the piano, however, these apparent similarities are outweighed by sharp differences. The guitar is symmetrical in shape, but the harpsichord is decidedly asymmetrical, both in shape and in barring (ribbing). While the guitar is internally unobstructed, the interior of the harpsichord is heavily braced. The ratio of the area of the rose hole to the enclosed volume of air is far larger in the guitar than in the harpsichord. Furthermore, Northern harpischords usually have a sizable opening just behind the keyboard (the bellyrail slot) whose area is much greater than that of its rose hole. The guitar is a compact instrument, and its vibrational modes can be excited over a wide range of frequencies through its relatively small bridge. This cannot happen with a harpsichord, whose bridge may be from 1.5-2.0 m in length. Finally, the sheer size of the harpsichord has discouraged experimental study of its vibrational behavior. It is not an easy instrument to suspend, mount, shake, blast with sound, or subject to holographic interferometry.
Previous studies on the acoustics of harpsichords can be found in papers by Kellner (1976) , Fletcher (1977) , Spencer ( 1981 ) , and Kottick ( 1985) ; and of its relative, the clavichord, by Thwaites ( 1981 ) and Thwaites and Fletcher ( 1981 ) . These are valuable articles, but they are limited either to a few aspects of the acoustical behavior of harpsichords, or to purely theoretical considerations without experimental verification. Therefore, since 1976, the first two authors of this paper, with considerable assistance from the second two, have attempted to better understand the mysteries of this instrument. We have gathered experimental data on soundboard and air resonances and their interaction by means of response curves and Chladni patterns. We have tested our acoustics harpsichord with and without strings, Our understanding of the harpsichord's behavior was enhanced by field work performed in 1980, when response curves and Chladni patterns were obtained for 39 harpsichords, both new and antique (Kottick, 1985) . Until 1986, the information we gathered on the vibrational behavior of the instrument was limited to the study of the force and motion at one location at a time. Since then, the use of modal analysis techniques to study the harpsichord as an input/ output system has resulted in a more global description, and a greater understanding of its dynamic behavior.
The work described in this paper, therefore, represents a blending of the experimental and mathematical processes necessary to study the general acoustical behavior of the harpsichord. As such, it suggests a framework for the future study of other harpsichords, and for instruments with similar physical properties such as the virginal, the bentside spinet and the early piano.
I. AIR MODES
Our understanding of the air cavity's resonances and their contribution to our acoustics harpsichord's properties was increased by both theoretical and experimental studies. An approximate mathematical model provided us with valuable clues to the interpretation of the experimental results obtained for the instrument itself. The tests on the acoustics harpsichord were carried out at the University of Iowa, either in the "sound room"--a resonant room with a relatively flat response--in the acoustics laboratory in the Department of Physics and Astronomy, or in the anechoic chamber housed in the Department of Speech and Hearing.
The air cavity of the acoustics harpsichord is bounded on top by a flexible soundboard about 2.5 mm thick, and on the bottom and sides by boards about 12 mm thick to which are glued several braces (these and subsequent relationships are made clear by Fig. 1 ) . The walls of this cavity consist of a spine about 152 cm long, a cheek about 57 cm long, a bentside approximately parabolic in shape, an angled tail about 27 cm long, and upper (12 mm thick) and lower (15 mm thick) bellyrails about 77 cm long. The depth of the inside, from bottom to soundboard, is 18 cm. At the keyboard end of this asymmetrical box is a horizontal opening, the belly-rail slot, resulting from the offset between the upper and lower bellyrails. The slot, spanning the distance from spine to cheek, is 4.3 cm wide. The two rows of jacks are located directly behind it. To allow accesss to the instrument's interior we cut four portholes in the spine and provided them with cover plates.
The acoustics harpsichord's shape in plan view led us to speculate that the properties of its air cavity might be approximated by a wedge-shaped space--like a piece sliced from a round of cheese. We found that a 20-deg wedge cut from a circular cylinder 18 cm in height and 170 cm in radius does indeed exhibit similar properties, and the wave equation in cylindrical coordinates can be solved exactly for this geometry.
I • 2p(r,t)
(1) V2p(r,t) = c 2 
The solution of this equation is the Bessel function Jo-[ Equation (6) may be converted to a standard form by making the substitution x = kr, where k = 2rr/A and f= c/•.. ] In this approximation, the mode frequencies depend only on the length of the air cavity and the boundary conditions at the ends. The air pressure at the apex of the wedge, r = 0, which corresponds to the tail of the acoustics harpsichord, will always be a maximum. Therefore, the mode frequencies will be determined by the boundary condition at r = L, the keyboard end of the acoustics harpsichord. The frequencies of the air modes may be calculated from Once again, the frequencies of the air modes will be determined by the boundary condition at the keyboard r = L. The boundary condition at the keyboard is not obvious. For zero pressure to occur here, a pressure wave must be able to escape from the air cavity--not an easy task. At the slot the upper and lower bellyrails, jacks, touchrail, and other components present a substantial inertlye impedance, thus making the slot appear to be nearly closed. We would therefore expect to find modes that correspond to values Of Jo and J9 with maximum pressure at the keyboard. either the Jo or the J9 family, and to assign the appropriate mode numbers. Additional criteria for these assignments were that a plot of frequency versus mode number for both the Jo and J9 family should be approximately linear and uniformly distributed over the frequency range [see Eq. (7) ]. As expected, the dominant modes had pressure maxima at the bellyrail slot which behaved like a closed end. Table I shows the calculated frequencies for the Jo and J9 Bessel function model and the measured frequencies for the immobilized soundboard. There is good agreement between the predicted results and the measured data. Because the acoustics harpsichord is not shaped like a true wedge its effective length could not be easily determined. The test data showed that the first mode of the Jo family with high pressure at both tail and keyboard occurred at around 122 Bz. The calculations were performed using an effective length of the air cavity that matched the required length for that mode (L = 170
We also looked at the acoustics harpsichord in its normal state, with the soundboard unencumbered by sand. Taking into account the expected lowering of the frequencies due to the reduced boundary rigidity of the soundboard, there is reasonable agreement between the measured data and the predictions from the Bessel function model. To examine the motion of the acoustics harpsichord, two miniature accelerometers were attached to the underside of the soundboard with a thin film of accelerometer mounting wax. One was placed near the tail, directly beneath the 8' bridge, and the other was mounted near the cutoff bar (see Fig. 1 ). The vibrational modes were excited by tapping the acoustics harpsichord 4 to 8 times at each location, at intervals of several seconds, with a small impact hammer equipped with a force cell. The data signals from the accelerometers and the hammer were tape recorded (the frequency response of the tape recorder limited the analysis range to 0-600 Hz) and then processed by a minicomputerbased vibration analyzer. The analyzer low-pass filtered the analog data and converted them to digital format, determined the frequency response functions for the acoustics harpsichord--the output/input response for each pair of test location--and calculated the frequency, damping factor, and relative motion of all locations on the acoustics harpsichord for each mode of vibration.4 Table II An understanding of the constructional features of the soundboard, and how they might be expected to affect its vibrational behavior, will help clarify the modal analysis. The soundboard is a thin orthotropic spruce plate, approximately triangular, with the grain running in the long direction. The with-grain elastic modulus is 10 to 16 times that of the cross-grain direction, resulting in a with-grain wave velocity 3 to 4 times greater than that of the cross grain. If the soundboard were free and unbraced, we would expect to find certain modal patterns that describe ellipses with the long axis being 3 to 4 times that of the short axis. The spatial orientation would be generally parallel to the spine of the case.
In real life the soundboard is neither free nor unbraced.
The 8' and 4' bridges are glued to its top, and the 4' hitchpin rail, cutoff bar and ribs to its underside (see Fig. 1 ). Each of these components contributes mass and stiffness; in particular, they increase the cross-grain stiffness, causing the modal ellipses to "round-out" somewhat and to rotate away from the with-grain direction and align themselves with the stiffening elements.
The soundboard's outer edge is tapered along the sides for approximately 10 cm, and is glued between the liner and molding, and to the top of the upper belly rail. To a first approximation, therefore, the soundboard can be regarded as a clamped plate. Since the soundboard and case are integrally connected, they will vibrate as a combined system, Hence, although rigid when compared to the soundboard, the case must be expected to demonstrate some motion, and most of the modes of vibration should exhibit a nodal line some distance inward from the edge of the soundboard.
The stiffness of the soundboard was determined by statically deflecting it at various locations and recording the applied force and resulting displacement. The results shown in Fig. 3 Other modes can be found where maximum motion occurs near the 4' bridge.
As expected, the thinner, nonstiffened regions of the soundboard exhibited the largest amplitudes of motion for the higher frequency modes. The location of maximum motion never occurred precisely on the 8' or 4' bridge. From a musical point of view this is desirable. If the vibrating portion of a string terminated at an exceptionally flexible area of a bridge, the wave impedance of the string and the soundboard would approach each other and the energy of the string would be transferred to the soundboard too readily. The result would be a quickly damped note--a rather unmusical "thunk." Therefore, a certain amount of stiffness is required at the bridges. They must move, but not too much.
An important result of the modal studies of the acoustics harpsichord is the realization that the soundboard possesses a large number of vibrational modes; 36 modes between 0 and 600 Hz. This amounts to an average modal density of one mode per 16.8 Hz. The importance of a high modal density to the tone quality of the acoustics harpsichord will be discussed later.
III. OUTPUT RESPONSE OF THE ACOUSTICS HARPSICHORD
The musical world insists that the treble, tenor, and bass registers of the harpsichord maintain some individuality, and it prefers that every harpsichord have something unique about its tonal character. Both characteristics are heard as part of the output response of the instrument. Since the soft, compliant nature of the soundboard wood assures a multitude of resonances, it will respond in some way to virtually any frequency. But since every soundboard is different, harpsichords vary in their output response. The variety in the peaks in response curves (see Kottick, 1985) , undoubtedly indicates individual qualities.
We would like to perceive a fairly consistent loudness level over the entire playing range of a harpsichord, so that treble, tenor, and bass registers balance each other. Thus even a merely decent harpsichord must not only respond to a broad range of frequencies, it must do so with an acoustic output of greater amplitude at lower frequencies, where our ears are not very efficient, and with less amplitude at higher frequencies, where we hear much more acutely. Although we do have some data that demonstrate the consistency of the loudness level of one particular instrument, s one need only listen to any well-constructed, well-regulated harpsichord to have the point driven home (see Fig. 6 ). We must now ask if there is a sufficiently large number of air and/or soundboard resonances excited by playing the acoustics harpsichord to produce a reasonably uniform but monotonically decreasing acoustic output over its frequency range. We might also ask if the air and soundboard modes interact, or couple, in a physical sense. To assist in this discussion, we have constructed the following logic path.
(1) The plucked string provides energy to the sound- 
Second, the location on the bridge where the string terminates should not occur at near a node for the soundboard or air resonance. The excitation force should be applied within the half-amplitude portion of the mode shape; that is, the bridge pin should lie at or above the 50% contour line for the soundboard or air mode (Fig. 3) . Table I}. same string partial (solid dots). In these cases there is the possibility for an air-wood interaction or coupling. As stated above, for coupling to exist the mode-overlap integral must not vanish. This calculation was performed for all possible air-soundboard interactions (both the Jo and J9 air modes were considered), and the results are shown in Table IIl. The strength of the air-soundboard coupling is given as a percent of a "perfect" match; that is, if the mode shapes for the air and the soundboard were precisely the same the coupling-coefficient would equal 100.
Interpreting these results is difficult. There are several instances where the coupling coefficient appears to be rather sizable; for example, the "Helmholtz" mode at 76 Hz and the fourth soundboard mode at 78.5 Hz seem to be fairly well coupled. The question. however, is how high must the coupling coefficient be before we can reliably claim that it is musically significant? At the present time, we do not know, since we have not performed any experiments to investigate these matters. The data are certainly suggestive, but we choose to withhold judgment on the importance of coupling to some future time. The coupling issue notwithstanding, there is other evidence to suggest that the air modes are important. We examined the influence of the air cavity resonances on the tonal qualities of the acoustics harpsichord through two experiments. In the first, the bellyrail slot was completely, then partially closed, in order to alter the boundary conditions at the keyboard end, and, therefore, the ability of the air cavity to communicate with the surrounding environment. Playing the acoustics harpsichord with the bellyrail slot completely closed, the musician reported that the low F at 88 Hz "had lost its guts," and the low C at 65 Hz became "very strong and resonant." When the slot was opened by 1/8 in., "the low C was still strong, the low F was still weak, and the low E (at 83 Hz) was also weak." When it was opened further, to 3/8 in., "the C was still strong, the E and F were still weak, and the G was also weak."
In a somewhat more quantitative experiment, we investigated the response of our acoustics harpsichord with and without its bottom. A piezoelectric vibrator was used to excite the 8' bridge. Placed on the bridge pin for each string in turn, it applied a sinusoidal excitation with a frequency equal to the fundamental of the string. A microphone was placed 3 m above the soundboard to record the acoustics harpsichord's output response (see Kottick, 1985) .
Removing the bottom prevents the formation of air modes with only a minimal effect on the structural vibrations of the soundboard. Figure 8 shows These anecdotal case studies and limited quantitative data illustrate that the air cavity modes are unquestionably important to the tone quality of the acoustics harpsichord.
IV. CONCLUSIONS
This study has revealed that the air cavity of the acoustics harpsichord can be approximated as a wedge-shaped cy- board, with nodal lines that generally follow the stiffer elements such as the 4' hitchpin rail and the cutoff bar and ribs. At higher frequencies the modal patterns become increasingly complex and describe compact ellipses that occur more or less uniformly along the unreinforced regions of the soundboard. We also found that the case of the acoustics harpsichord exhibits a significant degree of motion at many frequencies. While this activity may not be of musical importance, it is probably significant to the "feel" of the acoustics harpsichord to the player. It was further discovered that the string partials strongly excited many air and wood resonances. It was concluded that the acoustics harpsichord's generally uniform acoustic output resulted from the activation of many of these resonances. Information was also presented showing that in certain cases there is coupling between the air and soundboard modes, but the musical importance of the fact remains unclear. However, anecdotal observations and some limited experimental results indicate that air modes are of more than passing importance to the tone quality of the acoustics harpsicord.
Although the information reported in this paper represents the culmination of more than 13 years of studying the acoustics harpsichord, a complete understanding of the instrument would entail the ability to calculate its radiated sound from first principles. For at least one type of harpsichord, this paper represents a small step in that direction. Although we have learned a great deal about the ways in which the dynamic behavior of the acoustics harpsichord relates to its tone qualities, much remains to be understood, particularly in regard to the interplay of the air and soundboard resonances. Other missing ingredients are an absolute measure of the strengths of the string partials, the stringbridge-soundboard termination impedances at all string locations, complete modal data for the air resonances and, for correlation purposes, an accurate measure of the sound radiated by the acoustic harpsichord. Further studies are planned to address these issues.
Modern science has made possible modest advances in our understanding of the acoustics harpsichord, but it has not given us much insight into the methods the master builders of the past used to design and improve their instruments. Their magnificent harpsichords, and the fine modern instruments inspired by them, challenge scientists and builders alike to uncover more of the secrets of their rich tradition.
